Background Cotton is the dominant source of natural textile fibre and a significant oil crop. Cotton fibres, produced by certain species in the genus Gossypium, are seed trichomes derived from individual cells of the epidermal layer of the seed coat. Cotton fibre development is delineated into four distinct and overlapping developmental stages: fibre initiation, elongation, secondary wall biosynthesis and maturation. † Scope Recent advances in gene expression studies are beginning to provide new insights into a better understanding of early events in cotton fibre development. Fibre cell development is a complex process involving many pathways, including various signal transduction and transcriptional regulation components. Several analyses using expressed sequence tags and microarray have identified transcripts that preferentially accumulate during fibre development. These studies, as well as complementation and overexpression experiments using cotton genes in arabidopsis and tobacco, indicate some similar molecular events between trichome development from the leaf epidermis and fibre development from the ovule epidermis. Specifically, MYB transcription factors regulate leaf trichome development in arabidopsis and may regulate seed trichome development in cotton. In addition, transcript profiling and ovule culture experiments both indicate that several phytohormones and other signalling pathways mediate cotton fibre development. Auxin and gibberellins promote early stages of fibre initiation; ethylene-and brassinosteroidrelated genes are up-regulated during the fibre elongation phase; and genes associated with calmodulin and calmodulin-binding proteins are up-regulated in fibre initials. Additional genomic data, mutant and functional analyses, and genome mapping studies promise to reveal the critical factors mediating cotton fibre cell development.
INTRODUCTION
Cotton is an important crop that is widely grown and is used to produce both natural textile fibre and cottonseed oil. Commercial cotton is grown in .80 countries, including Australia, China, Africa, India, Pakistan, the USA and Uzbekistan. China is the largest user and producer of raw cotton, while the USA is the second largest producer, with the cotton industry contributing about $5 billion per year to the US economy (Agricultural Outlook 2006, http://www.fapri.org/outlook2006/). Cotton fibres can be used for producing innumerable commodities, ranging from textile fabrics and computer screens to automobile brakes. More than 150 countries are involved in import and export of cotton. Economic impact is estimated to be approx. $500 billion year 21 worldwide (National Cotton Council 2006, http://www.cotton.org/).
The genus Gossypium occurs naturally throughout tropical and subtropical regions, and includes about 45 species split across two ploidy levels, diploid (2n ¼ 2x ¼ 26) and tetraploid (2n ¼ 4x ¼ 52) (Wendel, 1989; Percival et al., 1999; Wendel and Cronn, 2003) . An important event in cotton genome evolution was the spontaneous formation of allopolyploid cotton that has been subsequently selected and domesticated as modern cultivated cotton (Fig. 1) . The progenitors of allotetraploid cotton are most closely related to 'AA' and 'DD' extant diploid species. This polyploidization event occurred approx. 1 . 5 million years ago (Mya), and the AADD allotetraploids diverged into five species that are distributed throughout the New World and the rest of the globe (Wendel, 1989; Percival et al., 1999; Wendel and Cronn, 2003; Desai et al., 2006) . Among the extant diploids resembling the presumed ancestors of tetraploid cotton, the AA progenitor species produce both lint (long) fibres that are spinnable into yarn and shorter fibres called fuzz. In contrast, the DD genome progenitor species produce very few lint fibres that are initiated pre-anthesis, but are much shorter in length than the lint fibres of the AA genome progenitor (Percival et al., 1999; Applequist et al., 2001) (Fig. 1) .
Among the five allotetraploids, upland or American cotton, Gossypium hirsutum, represents over 95 % of annual cotton crop worldwide. Pima or Egyptian cotton, G. barbadense, and Asian cotton (a diploid), G. arboreum, together represent the remaining 5 % (Smith and Cothren, 1999) . Interestingly, compared with the AA and DD genome progenitors, the fibre traits in the allotetraploids are dramatically enhanced. The allotetraploids produce more abundant and higher quality fibres than the extant descendant species, suggesting strong selection on polyploid cotton for fibre properties.
Cotton is a model system for the study of cell elongation and cell wall and cellulose biosynthesis (Kim and Triplett, 2001 ). The fibre is composed of nearly pure cellulose, the largest component of plant biomass. Annual world production of cellulose is approx. 100 million metric tons, primarily in the † These authors contributed equally to the work. * For correspondence. E-mail zjchen@mail.utexas.edu cell walls of higher plants. The basic study of cellulose biosynthesis in fibre cells is highly pertinent to the applied objectives of renewable resource and bioenergy research.
Cotton fibres are seed trichomes. Cotton fibre development undergoes several distinctive but overlapping steps including fibre initiation, elongation, secondary cell wall biosynthesis, and maturation, leading to mature fibres (Basra and Malik, 1984; Tiwari and Wilkins, 1995; Wilkins and Jernstedt, 1999; Kim and Triplett, 2001) (Fig. 2) . In G. hirsutum, lint fibres develop prior to or on the day of anthesis, and fuzz fibres develop a few days later. The process is quasi-synchronized in each developing ovule and among ovules within each ovary (boll). Initiation of fuzz fibre development occurs after initiation of lint fibre development but the timing varies among genotypes (Basra and Malik, 1984) .
Fibre cell initials usually emerge on the day of anthesis [0 d post-anthesis (DPA); see Table 1 for a list of abbreviations used]. Therefore, the chronology of fibre cell development is conventionally monitored relative to the number of DPA (a negative number indicates days before fibre cell emergence). Morphologically distinct fibre cell initials continue to grow rapidly without cell division for 16-25 d during the phase of fibre cell elongation and the biosynthesis of secondary wall cellulose (Basra and Malik, 1984; Tiwari and Wilkins, 1995; Wilkins and Jernstedt, 1999; Kim and Triplett, 2001; Haigler et al., 2005) . The elongated fibre cells may reach lengths of nearly 6 cm, or one-third the height of an arabidopsis plant (Kim and Triplett, 2001) . Finally, fibre cells mature from 50 to 60 DPA when cotton bolls open, and the long and mature (lint) fibres can be detached from the seeds. Both fibre and seed can be used for industrial applications (Basra and Malik, 1984) .
The molecular basis of the fibre initiation stage remains largely mysterious. About 15-25 % of the epidermal FIG. 1. Evolution of allotetraploid cotton and cotton fibres. Extant diploid progenitors diverge 7 -8 millions years ago (Mya), and allotetraploidization occurred naturally 1-2 Mya between a fibre-producing AA-genome extant species and a fibre-poor DD-genome extant species, generating AADD allotetraploid species (Wendel, 1989; Percival et al., 1999; Wendel and Cronn, 2003) . Superior fibre yield and quality have been selected in allotetraploid cotton species, as well as the domesticated diploid G. arboreum. There are five allotetraploid species, and two of them, G. hirsutum and G. barbadense, provide .95% of the modern commercial cotton crop. The genome sizes in parentheses are based on published work .
Mb, Mega base pairs (10 6 ); Gb, gig base pairs (10 9 ).
layer cells differentiates and develops lint fibres (Basra and Malik, 1984; Tiwari and Wilkins, 1995; Kim and Triplett, 2001) . Fibre cell initiation process is rapid and quasisynchronous. Cell fate determination undoubtedly precedes the formation of morphologically visible fibre cell initials. Phytohormone treatments from 2 -3 d pre-anthesis to the day of anthesis induce fibre production on cultured ovules, but few fibres are produced if phytohormones are applied after the day of anthesis (Graves and Stewart, 1988) . The fibre elongation phase is perhaps the best-studied period of fibre development. The temporal boundaries separating fibre elongation from the prior initiation phase and the subsequent maturation phase are not discrete, but elongation is generally defined to be from 5 to 20 DPA (Fig. 2) . Following many studies involving gene cloning and expression, recent work using large-scale characterization of expressed sequence tags (ESTs) and gene expression microarrays has documented some trends coincident with the biological process of fibre cell development. In this review, we focus on recent advances in understanding the early events of cotton fibre cell development, including fibre cell initiation and elongation.
COTTON SEED TRICHOMES AND ARABIDOPSIS LEAF TRICHOMES
Cotton fibres are classified as seed trichomes, which share many similarities with leaf trichomes. The models learned from cell fate determination and elongation in arabidopsis leaf trichomes may provide a framework for understanding fibre cell initiation and elongation in cotton (Wang et al., 2004) . In spite of striking similarities between two cell types, arabidopsis leaf trichomes are branched (Hülskamp et al., 1994; Marks, 1997; Hülskamp and Schnittger, 1998; Hülskamp, 2004) , whereas cotton seed fibres are unbranched. Therefore, putative cotton genes identified in the stages of branch formation and growth directionality may have different functions in cotton fibre development. Moreover, endoreduplication is common in arabidopsis leaf trichomes but has inconsistent results in cotton fibres ( Van't Hof, 1999; Taliercio et al., 2005) .
Many leaf trichome mutants are available in arabidopsis (Hülskamp, 2004) and have been extensively used for the study of cell fate determination (Marks, 1997) (Table 2) . Arabidopsis trichomes are initiated by a 'trichome promoting complex' that consists of GLABROUS1 (GL1), TRANSPARENT TESTA GLABRA (TTG) and GL3 (Szymanski et al., 2000) . Shoot or leaf epidermal cells containing this complex induce GL2 expression and develop trichomes, whereas the neighbouring cells lacking this complex fail to initiate trichomes and become 'spacer' cells between trichomes (Szymanski et al., 2000; Hülskamp, 2004) . The physiological changes in arabidopsis leaf trichome development include DNA endoreduplication, rapid growth, and branch formation (Hülskamp, 2004; Schellmann and Hülskamp, 2005) .
MYB transcription factors
GL1 is a well-characterized MYB transcription factor required for leaf trichome initiation in arabidopsis (Larkin et al., 1993 (Larkin et al., , 1994 . GL1 is highly expressed in developing trichomes, and the gl1 mutation results in a trichome-less or glabrous phenotype (Larkin et al., 1993; Serna and Martin, 2006) . GL1 and TRIPTYCHON (TRY) synergistically promote endoreduplication in trichome cells (Szymanski and Marks, 1998) . Overexpression of a cotton cDNA (L04497) encoding a putative MYB transcription factor GL1 in tobacco produces supernumerary epidermal trichomes on cotyledons and other organs (Payne et al., 1999) , suggesting that cotton MYB transcription factors can influence leaf trichome initiation.
Expression studies of six MYB-related genes in G. hirsutum allotetraploids indicate that GhMYB4 and GhMYB6 display ovule-enriched expression patterns, and GhMYB6 expression levels are high in fibres (Loguercio et al., 1999) . Another gene, GhMYB109 that encodes an R2R3 MYB-like transcription factor, is expressed specifically in fibre initials and elongating fibres (Suo et al., 2003) . In fibre-bearing diploid species G. arboreum L.
(AA), a transcript GaMYB2, encoding a putative MYB transcription factor, is predominantly expressed early in fibre development (Wang et al., 2004) . Interestingly, overexpression of GaMYB2 complemented the arabidopsis gl1 phenotype, suggesting a role for cotton MYB-like transcription factors in the development of leaf trichomes. Observation of a single seed trichome in arabidopsis transgenic plants suggests that other associated factors are required for producing seed trichomes.
The cotton MYB gene GhMYB25 is expressed early during lint fibre initiation in cotton (Wu et al., 2006) . GhMYB25 is similar to Antirrhinum AmMIXTA, a putative R2R3 MYB protein. Overexpression of GhMYB25 increases branches of leaf trichomes in transgenic tobacco, further suggesting a link between cotton fibre initiation and leaf trichome development (Wu et al., 2006) . Using laser-capture microdissection, Wu et al. (2006) further demonstrated that MYB25 mRNA is enriched in the fibre initial cells relative to the non-fibre ovular epidermal cells. Expression of MYB25 in young fibre cells has been independently uncovered in another experiment using oligo-gene microarrays .
Other trichome-related genes
In addition to GL1, trichome development in arabidopsis leaves is mediated through several positive and negative regulators such as TTG1, GL3, TRY, CAPRICE (CPC), and GL2 (Hülskamp, 2004; Schellmann and Hülskamp, 2005) . TTG1 and GL3 are considered to be positive regulators along with GL1, because mutation in any of these genes reduces the number of trichomes (Schellmann and Hülskamp, 2005) . GL3 has some functional redundancy with its close homologue ENHANCER OF GLABRA3 (EGL3), and mutation in GL3 alone causes smaller and less-branched trichomes (Esch et al., 2003) . Sequence analyses have identified putative cotton orthologues to some of the arabidopsis genes (Table 2) . Two cotton genes encoding arabidopsis CPC orthologues were identified in the ESTs derived from fibre initials at 1 DPA, and one of them is down-regulated in fibre initials at 1 DPA (Taliercio and Boykin, 2007) , suggesting a negative role for putative cotton CPC orthologues in fibre development, which is reminiscent of the negative role of arabidopsis CPC in the differentiation of leaf trichomes (Schellmann et al., 2002) . The functions of these putative 1e-162, 1e-149
N/A, Not available. * E-value was estimated using tBLAST against the Cotton Gene Index CGI 8 (http://compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/gimain.pl?gudb=cotton).
cotton genes (Table 2 ) in cotton fibre development should be tested further.
GL2 is expressed in trichomes and encodes a homeodomain transcription factor (Rerie et al., 1994; Pesch and Hülskamp, 2004) . Genetic tests indicate that GL2 acts downstream of TTG1 and GL1 because gl2 gl1 and gl2 ttg double mutants lack trichomes, whereas plants with only the gl2 mutation initiate trichomes normally (Hülskamp et al., 1994; Hülskamp, 2004) . In arabidopsis, TTG1 functions in trichome formation and trichome spacing through lateral inhibition of differentiation in neighbouring epidermal cells. Four tetraploid cotton genes homologous to arabidopsis TTG1 have been identified. Arabidopsis mutant is rescued by a cotton orthologue, suggesting that equivalent TTG1 functionality mediates both arabidopsis leaf trichome and cotton fibre development (Humphries et al., 2005) .
FIDDLEHEAD (FDH) encodes an enzyme involved in the synthesis of long-chain lipids found in the cuticle (Lolle et al., 1992; Pruitt et al., 2000) , and mutations in FDH suppress epidermal cell interactions in arabidopsis and display a deleterious effect on trichome development (Yephremov et al., 1999) . In cotton, the FDH-like gene is highly expressed in developing fibres (Li et al., 2002) and is repressed in the fibreless naked seed mutant (N1N1), suggesting that down-regulation of the FDH-like gene in the N1N1 background might be associated with abnormal development of fibre cell initials .
ADDITIONAL GENES INVOLVED IN FIBRE CELL INITIATION
Recent studies have uncovered a set of genes that may regulate fibre cell initiation (Table 3) . A cotton sucrose synthase gene (SuSy) plays a role in carbohydrate partitioning and ovule development (Hendrix, 1990) . At 1 DPA, SuSy protein is immunolocalized to the basal area of epidermal layer cells, coincident with the high accumulation level of SuSy mRNAs. This localization pattern indicates a close relationship between SuSy and fibre cell differentiation (Notle et al., 1995) . Comparative analysis of a fibreless ( fl, fibre cell defective) mutant and wild-type cotton shows that SuSy mRNA was abundant in the fibre cell initials of normal ovules relative to that of mutant ovules (Ruan and Chourey, 1998) . Furthermore, down-regulation of SuSy mRNA levels in the ovular epidermis by RNAi is associated with adverse phenotypes, including impairment of fibre initiation, fibre elongation and seed development (Ruan et al., 2001 (Ruan et al., , 2003 . Microarrays provide a high throughput tool for studying temporal expression patterns of many genes during fibre cell development. Using a filter array containing 1536 cDNAs, Li et al. (2002) compared expression patterns of the genes in the ovules at 5 DPA between the wild-type and a different fl mutant and identified ten genes that were highly enriched in wild-type cotton. Those include the genes encoding a RESPONSIVE TO DEHYDRATION22 (RD22)-like protein (GhRDL), a putative acetyltransferase (GhACY), a FIDDLEHEAD homologue (GhFDH), a serine carboxypeptidase-like protein (GhSCP), two tubulin components (GhTUA6 and GhTUB1) and fibre protein E6 (GhE6) ( Table 3) .
Using spotted oligo-gene microarrays, Lee et al. (2006) identified .20 genes that were expressed at higher levels in the fibre-bearing ovules (3 DPA) than in other tissues (leaves and petals). These genes were also expressed at higher levels in the fibre-bearing ovules (3 DPA) of the wild-type than those of the N1N1 mutant. Several genes including RDL, FDH and E6 were detected in both studies, indicating reliability of cDNA and oligo-gene microarrays. Using microarray analysis of laser-captured tissues, Wu et al. (2007) identified up-regulated genes in the cotton fibre initials relative to epidermal cells, many of which encode putative proteins of cell membrane and primary cell wall and DNA metabolism. Yang et al. (2006) compared approx. 211 000 cotton ESTs derived from elongating fibres and non-fibre tissues with approx. 32 800 ESTs derived from an ovular EST library using an equal mixture of RNA isolated from 23, 0 and þ3 DPA ovules of G. hirsutum 'Texas Marker-1' (TM-1) (Yang et al., 2006) . The comparative data revealed many additional genes potentially involved in complex biological networks leading to fibre cell development. The genes encoding putative transcription factors, including MYB and WRKY family members, are enriched in early stages of fibre and ovule development. The data agree with the known roles of MYB and WRKY transcription factors in arabidopsis leaf trichome development. The data have also shown that AA-subgenome-specific ESTs are selectively enriched in young ovules (Yang et al., 2006) relative to DD-subgenome transcripts. Enrichment of AA-subgenome mRNAs in fibre-bearing ovules is consistent with the production of long lint fibres in AA-genome species and the absence of such fibres in DD species.
ADDITIONAL GENES INVOLVED IN FIBRE CELL ELONGATION
Physiologically, the process of fibre cell elongation is associated with strong cell turgor pressure and plasmodesmatal dynamics (Ruan et al., 2001) . During fibre cell development, plasmodesmata are open from 0 to 9 DPA, close at 10 DPA, and re-open at 16 DPA. Significantly, differences in the duration of plasmodesmatal closure between cotton genotypes correlate with fibre length (Ruan et al., 2004) . Rapid cell elongation is also associated with transporter activities. Expression levels of the genes encoding sucrose and K þ transporters are very high in elongating fibre cells (Ruan et al., 2004) . These transcripts are relatively abundant at 10 DPA, presumably causing osmotic and turgor potentials sufficient to allow fibre elongation (Ruan et al., 2004 ). An ATP-binding cassette transporter (GhWBC1) is also active in developing fibre cells (Zhu et al., 2003) , which may suggest that molecular transport and cell-to-cell communication are important for fibre elongation.
The mRNA encoding fibre protein E6 is the one of the predominantly expressed fibre-specific transcripts (John, 1996) . Accumulation of E6 transcript is relatively low in young ovules and highest in elongating fibres at 15 -22 DPA (John and Crow, 1992) . Overexpression of E6 antisense transcripts in transgenic cotton showed no visible fibre defects, indicating that this gene may not be an essential factor for fibre growth (John, 1996) . Subtractive hybridization and cDNA arrays have revealed fibre-related genes by comparing wild-type fibres with fibreless fl mutant ovules at 10 DPA (Ji et al., 2003) . More than 100 genes are up-regulated in elongating fibres. Those include a putative vacuolar (H þ )-ATPase catalytic subunit, a kinesin-like calmodulin-binding protein, and several arabinogalactan-like proteins. These genes are highly enriched (up to 50-fold) in 10 DPA fibre cells compared with 0 DPA ovules in wild-type cotton, emphasizing their potential roles in the fibre elongation phase. This study also identified several genes related to various potential upstream pathways such as auxin signal transduction and cell wall loosening (Ji et al., 2003) .
Additional studies have explored the roles of specific transcripts in cotton fibre elongation. To become fibres, cells must grow anisotropically and expand during the fibre elongation phase. Thus, one question is how structural genes and enzymes mediate cotton fibre cells growth. In one case, a germin-like protein accumulates highly during fibre cell expansion in G. hirsutum (Kim and Triplett, 2001) . Although the protein resembles an enzyme, a specific function for the germin-like protein has not yet been identified. also reported abundant GhRac1 expression during the fibre elongation stage. GhRac1 is a member of Rac/Rop GTPase family involved in cytoskeleton assembly in cells .
A kinesin, GhKCH1, is a member of a plant-specific kinesin family that may act in microtubule organization by facilitating interaction between microtubules and actin microfilaments during fibre development (Preuss et al., 2004) . Related to the actin cytoskeleton, 15 GhACT cDNAs encoding putative actins are differentially expressed in various tissues (Li et al., 2005) . Specifically, GhACT1 is predominantly expressed in fibre cells, and suppression of GhACT1 was able to disrupt the actin cytoskeleton, causing reduced fibre elongation. Similarly, GhPFN1 (profilin 1) is associated with actin polymerization. When GhPFN1 is overexpressed in tobacco cells, cell cycle progression is delayed, and the mitotic index is slightly lower than the control plant .
GhGlcAT1, a gene encoding putative cotton glucuronosyltransferase, is abundant in 15 DPA fibres relative to other tissues, with the exception of moderate expression levels in the stem (Wu and Liu, 2005) . GhGlcAT1 is hypothesized to be involved in the biosynthesis of noncellulosic cell wall components during fibre elongation. Qin et al. (2007) identified elongating fibre-enriched and tissue-specific gene expression of the GhCER6 transcript. Biochemical assays suggested that GhCER6 encodes a functional 3-ketoacyl-CoA synthase that functions in fatty acid elongation.
Another type of gene involved in fibre elongation is translation elongation factor 1A (eEF1A) that acts in protein synthesis to catalyse the binding of aminoacyl-tRNA to the A-site of the ribosome. EF-1 alpha is also known to have a role as a microtubule bundling protein so it may have a role in regulating cytoskeleton (Durso and Cyr, 1994) . Several cotton eEF1A transcripts showed differential expression in various tissues and were relatively high in young fibres (Xu et al., 2007) . Enrichment of a protein synthesis gene may reflect the need for increased protein synthesis capacity required for the rapid elongation of cotton fibres.
In a microarray study using 12 227 fibre (7-10 DPA) ESTs derived from fibre-producing diploid G. arboreum, Arpat et al. (2004) found that 81 genes were up-regulated, and 2553 'expansion-associated' genes were downregulated during the developmental switch from primary to secondary cell wall biosynthesis, suggesting a trend of global gene repression during the fibre elongation stage in the allotetraploids.
PHYTOHORMONAL REGULATION OF FIBRE CELL DEVELOPMENT
Various studies on cotton fibre cell development have implicated plant hormones as critical regulators of fibre development and boll retention. In vitro culture of cotton ovules allows exogenous supplementation with individual hormones or regimes of hormone combinations to allow examination of the physiological effects on cotton fibre development. In addition, endogenous levels of various hormones have been quantified to reveal in vivo correlations with fibre cell initiation and elongation. Ovule EST analysis revealed many putative phytohormonal regulators related to auxin, brassinosteroid (BR), gibberellic acid (GA) and abscisic acid are enriched in early stages of fibre development. Cotton homologues related to MIXTA, MYB5, GL2 and eight genes in the auxin, BR, GA and ethylene pathways were induced during fibre cell initiation but were repressed in the N1N1 mutant that was impaired in fibre formation. The data are consistent with well-documented phytohormonal effects on fibre cell development in immature cotton ovules cultured in vitro (Yang et al., 2006) . Additional ESTs derived from fibre initials at 1 DPA have recently been characterized (Taliercio and Boykin, 2007) . In addition to CPC genes, many genes associated with regulation of brassinosterols, GTP-mediated signal transduction and cell cycle control and components of a Ca þ2 mediated signalling pathway were identified in 1 DPA fibre, supporting a role for Ca þ2 and signalling pathways in fibre development. Furthermore, gene expression studies have uncovered transcripts related to phytohormone biosynthesis and signalling that are correlated with fibre cell development. The phytohormonal pathway-related genes are induced prior to the activation of MYB-like genes, suggesting an important role for phytohormones in cell fate determination (Yang et al., 2006) .
Auxin and gibberellic acid
For several decades, combinations of auxin and gibberellin have been known to promote fibre cell development on in vitro-cultured cotton ovules (Fig. 3) . Whereas ovules cultured after fertilization produce fibres in vitro (Beasley, 1971) , unfertilized ovules require exogenous auxin and gibberellin for maximal fibre growth (Beasley and Ting, 1974 ).
Lee et al. -Cotton Fibre Cell Initiation and Elongation
In pioneering experiments, a combination of 500 nM auxin [indole-3-acetic acid (IAA)] with 5 . 0 mM gibberellin (GA 3 ) was found to be optimal for fibre production (Beasley and Ting, 1974) . A more recent study revealed that the timing of hormone treatment is critical, and that pre-anthesis treatment with IAA alone, or post-anthesis treatment with GA 3 alone, each can lead to efficient in vitro fibre production (Gialvalis and Seagull, 2001) . The technical ability to grow cotton fibres in vitro provides a useful model system both for cotton fibre development in specific and for cell wall biosynthesis in general (Kim and Triplett, 2001) .
Demonstrating further roles for auxin in cotton fibre development, in vivo quantification has revealed a spike in flower bud auxin levels preceding fibre initiation, declining after anthesis, and rebounding after 4 DPA (Guinn and Brummett, 1988) . Within ovules, IAA and related auxin metabolites were detected at 8 DPA (Shindy and Smith, 1975) . Similarly, various gibberellins, especially GA 13 , were detected in 8 DPA ovules. In vivo levels of certain GAs, such as GA 3 , are low during fibre elongation (Chen et al., 1996; Gokani and Thaker, 2002) .
In addition to in vitro ovule culture and in vivo quantification experiments, gene expression studies have revealed apparent roles for auxin and gibberellin in fibre development. A cotton mRNA encoding a cupin superfamily protein was shown to be up-regulated in 10 DPA ovules relative to 0 DPA in a cDNA array (Ji et al., 2003) . Though a specific function for a cotton cupin superfamily protein correlated with fibre production has not been demonstrated , the arabidopsis cupin superfamily member ABP1 is necessary for development, and tobacco ABP1 knockdown causes deficient auxin-induced cell elongation (Chen et al., 2001) . Moreover, sequencing of ESTs from 23, 0 and þ3 DPA ovules revealed an enrichment of Auxin Response Factor (ARF)-family transcripts relative to the cotton EST assembly and the arabidopsis genome (Yang et al., 2006) . The study also revealed an increased abundance of transcripts associated with GA biosynthesis relative to other EST libraries.
Auxin also regulates abscission, thereby influencing boll retention, which is necessary for fibre maturation and harvest. Auxin promotes boll retention; endogenous IAA levels drop at anthesis, when abscission is common, then increase again as abscission frequency declines (Guinn and Brummett, 1988) . The endogenous ratio of abscissionpromoting abscisic acid to abscission-inhibiting IAA correlates closely with abscission frequency through boll development. In addition, application of auxins inhibits cotton leaf abscission, while application of an auxin transport inhibitor promotes abscission (Suttle and Hultstrand, 1991) .
Brassinosteroid
Like auxin and gibberellin, BR positively influences fibre cell development. Application of brassinolide (BL) to cultured cotton ovules increases fibre length and ovule growth, and application of the BR biosynthesis inhibitor brassinazole 2001 (BRZ) inhibits fibre elongation and ovule size (Sun et al., 2004 Shi et al., 2006) . Inhibitory effects of BRZ are reversed by simultaneous BL application, confirming that BRZ represses fibre development by causing BL deficiency.
Expression of genes related to BL biosynthesis and signalling are also correlated with fibre cell development. Cotton mRNAs encoding apparent orthologues of the transmembrane BL receptor BRI1 are enriched in 5 -8 DPA fibre-bearing ovules (Sun et al., 2004) . Intriguingly, mRNA levels of two differentially expressed cotton BIN2 genes that are presumed negative regulators of BL signalling are also high in 5 -8 DPA fibre-bearing ovules (Sun and Allen, 2005) , which may reflect a negative feedback loop or some other phenomenon. In addition to these BL signalling genes, transcript levels of the BL biosynthesis genes SMT1 and DET2 have been found to correlate with fibre growth in cDNA microarray experiments (Shi et al., 2006) . Cotton ovule SMT1 and DET2 mRNA levels increase from the day of anthesis to about 10 DPA and then decline at 20 DPA; levels of both mRNAs are greatly reduced in 10 DPA ovules of the fibreless fl mutant relative to wild type (Shi et al., 2006) .
Ethylene
A recent physiology and gene expression study revealed an apparent role for ethylene in promoting fibre development (Shi et al., 2006) . Application of ethylene stimulated fibre growth on cultured ovules in a dose-dependent manner; conversely, the ethylene inhibitor AVG inhibited fibre growth (Shi et al., 2006) . In gene expression experiments, cDNA microarrays demonstrated a several-fold increase in three cotton ACC-OXIDASE (ACO) ovule mRNAs peaking during fibre elongation at 10-15 DPA. Further, these transcripts were shown to be specifically enriched in 10 DPA fibre tissue compared with 10-DPA ovule (Shi et al., 2006) . The presumed ACC oxidase activity of the encoded cotton proteins was confirmed biochemically. Ethylene also promotes abscission, sometimes causing boll loss. Production of the gaseous hormone peaks at a developmental stage coincident with peak fruit abscission (Guinn, 1982) . A 3-d dim-light treatment or dehydration stress increases the rate of fruit abscission, and these conditions also stimulate cotton fruit ethylene evolution (Guinn, 1976 (Guinn, , 1982 .
Abscisic acid
Abscisic acid (ABA) is an inhibitor of fibre growth. ABA application to cultured unfertilized ovules causes retardation of fibre development (Beasley and Ting, 1974) . The inhibitory effect of ABA is partially compensated by addition of cytokinin, which in the absence of ABA also inhibits fibre development.
Within the cotton boll, abscisic acid concentrations increase from the day of anthesis to 10 DPA, then decline until 20 DPA, only to resurge again from 30 to 50 DPA (Davis and Addicott, 1972) . High levels of endogenous ABA are correlated with shorter fibre among cotton cultivars (Gokani et al., 1998) . The ratio of ABA to auxin levels fits the regulation of secondary cell wall thickening (Yang et al., 2001) . Perhaps the most thoroughly studied aspect of ABA regulation of cotton fruit development regards boll abscission. The ratio of endogenous abscissionpromoting ABA to abscission-inhibiting IAA correlates closely with abscission frequency over developmental time (Guinn and Brummett, 1988) .
Cytokinin
Cytokinins play essential roles in cell division and vascular tissue development. Cytokinin produces conflicting results on ovule and fibre growth. When applied to in vitro-cultured ovules, cytokinin promotes ovule growth, but inhibits fibre development (Beasley and Ting, 1974) . In contrast, cytokinin partially alleviates the inhibition of fibre growth by ABA. Thus, it has been proposed that cytokinin exists at an optimal level for fibre growth in vivo (Beasley and Ting, 1974) . Examination of cytokinin levels over developmental time revealed a trend of increasing cytokinin in ovules from various fibreless mutants (n2, H10 and Xu142) after anthesis, over which time cytokinin levels decrease in wild type (Chen et al., 1997) . The data suggest that cytokinins promote fibre initiation prior to flowering but inhibit fibre growth after flowering. Several cytokinins, particularly 6-(3-methyl-2-butenylamino)-9-b-D-ribofuranosylpurine (2iPA), have been quantified from 8 DPA cotton ovules (Shindy and Smith, 1975) .
FUTURE PROSPECTS
Cotton fibre cell development is a fundamental biological process that is poorly understood. Initiation of an epidermal layer cell into fibre requires a change in cell fate, involving genetic, physiological and developmental 'switches'. Genetic mutations, genotypes and phytohormonal regulation can affect the number of cells developing into fibres or alter fibre cell properties. Little is known, however, about the developmental and physiological processes leading to the production of lint (long) and fuzz (short) fibres in the same ovules. Arabidopsis trichome development may provide a useful reference for investigating the functions of fibre-related genes in cotton seedtrichome development. Sequencing of EST libraries from tetraploid cotton, as well as other members of the Gossypium genus, reveals new transcripts for further characterization. To understand the precise mechanisms of fibre cell development, preliminary research should be followed by additional genetic and biochemical studies. Phytohormone accumulation and signalling including Ca 2þ may be critical for fibre initiation and elongation. The fibre growth-promoting hormones such as auxin, BR and gibberellin may be most attractive for manipulation. Ethylene may promote fruit loss and negatively regulate the abundance or action of the fibre growth-inhibitory hormones ABA or cytokinin.
In the future, the endogenous levels of phytohormones and Ca 2þ should be carefully measured using isotopelabelled standards, and the roles for transcription regulators and phytohormonal biosynthetic genes in fibre cell development should be tested using transgenic approaches in cotton. Genome sequence information of Gossypium species may aid exploration of new research interests. Various microarray platforms continue to provide a complete picture of transcriptional changes accompanying fibre development, both expanding the number of genes examined and the tissue types and fibre-mutants compared. Interactions between homoeologous loci derived from extant progenitors may stimulate fibre cell growth and development in allotetraploid cotton. To date, the role of small RNAs, especially microRNAs, in cotton fibre cell development is under-explored. Early results hold promise for producing candidate genes that can be further characterized and may eventually lead to the improvement of fibre quality and yield.
